Thrust vector control requirements for solid- propellant launch vehicles by Borsody, J. et al.
N A S A  T E C H N I C A L  
M E M O R A N D ' J M  
r 
NASA TM X-52276 
c (THRU) (ACCESSION NUMBER) 
w N 6 7  18966 
8 .  
> 
F IPdOESI 
z 
P 
i : "51 551276 
INASA CR O R  TMX OR A D  NUMBER) 
THRUST VECTOR CONTROL REQUIREMENTS FOR 
SOLID-PROPELL4NT LAUNCH VEHICLES 
by Fred  Teren,  Kenneth I. Davidson and Janos Borsody 
Lewls Research Center 
Cleveland, Ohio 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION WASHINGTON, D.C. 1967 
https://ntrs.nasa.gov/search.jsp?R=19670009637 2020-03-24T00:59:02+00:00Z
CONTENTS 
SUMMARY 
R E S U L T S  AND D I S C U S S I O N  
A D D I T I O N A L  C O N S I D E R A T I O N S  
CONCLUDING REMARKS 
R E F E R E N C E S  
T A B L E  1 
Page 
1 
2 
7 
8 
10 
THRUST VECTOR CONTROL REQUIREMENTS FOR 
SOLID- PROPELLANT LAUNCH -\TEHICLES 
BY 
Fred Teren 
Kenneth I .  Davidson 
Janos  Borsody 
SUMMARY 
A s t u d y  was conducted a t  t h e  Lewis Research  Center  t o  de te rmine  
the t h r u s t  v e c t o r  d e f l e c t i o n  r equ i r emen t s  f o r  c o n t r o l  o f  s o l i d - b a s e d  
l aunch  v e h i c l e s .  Two l aunch  v e h i c l e s  were cons ide red .  The f irst  i s  
the Phase I1 v e r s i o n  of  the  260-inch solid-SIVI3 l aunch  v e h i c l e ,  a s  des-  
c r i b e d  i n  reference 1. Two payload  shroud c o n f i g u r a t i o n s  were s t u d i e d  
for t h i s  v e h i c l e - - t h o s e  r e p r e s e n t i n g  the Apol lo  and t h e  ex tended  
Voyager c o n f i g u r a t i o n s .  I n  a d d i t i o n ,  a f a m i l y  o f  shroud shapes  and 
d e n s i t i e s  was s t u d i e d  t o  de te rmine  the e f f ec t s  of  t h e s e  p a r a m e t e r s  on 
c o n t r o l  r e q u i r e m e n t s .  The second v e h i c l e  c o n s i d e r e d  (SSOPM) c o n s i s t s  
of seven 260-inch s o l i d  motors  i n  t h e  f i rs t  s t a g e ,  a l a r g e  s p h e r i c a l  
s o l i d  motor i n  t h e  second s t a g e ,  and an o r b i t a l  p r o p u l s i o n  module (OPM) 
f o r  t h e  t h i r d  s t a g e .  T h i s  v e h i c l e  was des igned  t o  d e l i v e r  one m i l l i o n  
pounds o f  payload  t o  a 100 nm c i r c u l a r  o r b i t .  
I n  t h e  f i r s t  p a r t  o f  t h e  s tudy ,  t h e  t h r u s t  v e c t o r  d e f l e c t i o n  a n g l e  
(TVDA) r e q u i r e d  t o  c o n t r o l  t h e  v e h i c l e  d u r i n g  peak wind l o a d s  was ca l cu -  
l a t e d .  It was found t h a t  approximate ly  1 . 6  deg rees  i s  r e q u i r e d  f o r  the  
Phase I1 Extended Voyager v e h i c l e  and abou t  1 degree  f o r  b o t h  Phase I1 
Apol lo  and SSOPM. I n  g e n e r a l ,  t h e  TVDA r e q u i r e d  i s  a f u n c t i o n  o f  t h e  
v e h i c l e  and t r a j e c t o r y  pa rame te r s ,  a s  w e l l  a s  payload  shroud d e n s i t y  
and shape .  However, f o r  d e n s i t i e s  no t  l e s s  t h a n  4 pounds p e r  c u b i c  f o o t  
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( t h e  d e n s i t y  o f  l i q u i d  hydrogen) ,  t h e  TVDA f o r  t h e  Phase I1 l aunch  
vehicle does  n o t  exceed about  1 . 7  degrees ,  r e g a r d l e s s  o f  payload  
shape .  The TVDA r e q u i r e d  f o r  e f f e c t s  o t h e r  t h a n  winds,  such  a s  p i t c h  
program, t h r u s t  misal ignment  and d i s p e r s i o n s  was a l s o  c a l c u l a t e d .  I t  
was found t h a t  approx ima te ly  0 . 4  degrees  was r e q u i r e d  f o r  t h e s e  e f f e c t s .  
The second p a r t  of t h e  s t u d y  e f f o r t  was concerned w i t h  r e d u c i n g  
t h e  TVDA r e q u i r e m e n t s  t h rough  t h e  u s e  o f  aerodynamic c o n t r o l  s u r f a c e s .  
Two t y p e s  of c o n t r o l  s u r f a c e s  a r e  cons ide red :  s t a t i o n a r y  f i n s  l o c a t e d  
a t  the  b a s e  o f  t h e  v e h i c l e  and movable c a n a r d s  l o c a t e d  a t  t h e  v e h i c l e  
c e n t e r  of  p r e s s u r e .  The e f fec t  of t h e s e  s u r f a c e s  i s  shown i n  t h e  
f i g u r e s  a s  a f u n c t i o n  o f  s u r f a c e  a r e a .  
RESULTS AND DISCUSSION 
The t h r u s t  v e c t o r  d e f l e c t i o n  angle  r e q u i r e m e n t s  a r e  c a l c u l a t e d  
f o r  two d i f f e r e n t  l aunch  v e h i c l e s - - t h e  Phase I1 260-inch solid-SIVB 
and a l a r g e  s o l i d  l aunch  v e h i c l e  (SSOPM) des igned  t o  d e l i v e r  one 
m i l l i o n  pounds of payload  t o  a 100 nm c i r c u l a r  o r b i t .  Some o f  t h e  
assumpt ions  and g r o u n d r u l e s  o f  t h e  s t u d y  a r e  l i s t e d  below. 
1. The nominal  t r a j e c t o r y  f o r  each of  t h e  v e h i c l e s  con- 
s i d e r e d  was des igned  by L e w i s .  B a s i c a l l y ,  the  f irst  
( b o o s t e r )  s t a g e  was c o n s t r a i n e d  t o  f l y  z e r o  a n g l e  o f  
a t t a c k  th rough  t h e  atmosphere,  a f t e r  a r a p i d  i n i t i a l  
p i t c h o v e r  phase .  The upper  s t a g e s  used  a s t e e r i n g  
program g e n e r a t e d  by t h e  Calcu lus  o f  V a r i a t i o n s ,  i n  
o r d e r  t o  maximize payload  c a p a b i l i t y  i n t o  a 100  nm 
c i r c u l a r  o r b i t .  The magnitude o f  t h e  i n i t i a l  p i t c h -  
ove r  maneuver, which de termines  t h e  amount o f  t r a -  
j e c t o r y  l o f t i n g ,  was al lowed t o  be op t imized  t o  
maximize payload  c a p a b i l i t y ,  b u t  w i t h  t h e  c o n s t r a i n t  
t h a t  the  dynamic p r e s s u r e  should  n o t  exceed 970 p s f .  
2 .  Aerodynamic d a t a  ( c e n t e r  of  p r e s s u r e  and normal fa rce  
c o e f f i c i e n t s ]  were o b t a i n e d  b o t h  from L e w i s  and Douglas 
( r e f e r e n c e  1). The L e w i s  da ta  i s  a n a l y t i c a l ,  w h i l e  the 
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4. 
5. 
6. 
Douglas d a t a  i s  p a r t l y  a n a l y t i c a l  and p a r t l y  based  
on SIVB f l i g h t  d a t a  and Apollo c a p s u l e  wind t u n n e l  
d a t a .  
An ETR l aunch  was assumed f o r  b o t h  v e h i c l e s  w i t h  a 
l aunch  az imuth  se r tnr  o f  45 t o  1 2 0  d e g r e e s .  
The r e s u l t s  a r e  mainly t h e o r e t i c a l .  However, one 
r e a l  wind and one s y n t h e t i c  wind have been s i m u l a t e d  
a l o n g  w i t h  t h e  Phase I1 Apollo v e h i c l e  on t h e  L e w i s  
s i x  deg ree  o f  freedom computer program. The r e s u l t s  
o f  t h e s e  c a s e s  a r e  p r e s e n t e d  and compared t o  t h e  
t h e o r y ,  and t h e  agreement i s  e x c e l l e n t .  
The a u t o p i l o t  was des igned  t o  f l y  t h e  nominal p i t c h  
program (trimmed) r e g a r d l e s s  of  wind d i s t u r b a n c e s .  
O the r  methods such  a s  a l oad  r e l i e f  a u t o p i l o t  o r  
b i a s e d  p i t c h  program w i l l  be d i s c u s s e d  b r i e f l y  l a t e r .  
The TVDA r e s u l t s  a r e  based  on a gimbal  p o i n t  l o c a t e d  
a t  the b a s e  of the a f t  f l a r e ,  which co r re sponds  t o  a 
l i q u i d  i n j e c t i o n  TVC system. If a g imbal led  n o z z l e  
were used,  the gimbal  p o i n t  would be  approx ima te ly  a t  
t h e  n o z z l e  t h r o a t ,  and t h e  TVDA r equ i r emen t s  would 
i n c r e a s e  by approximate ly  15  p e r c e n t .  
The r a t i o n a l e  f o r  choos ing  a trimmed a u t o p i l o t  t o  c a l c u l a t e  TVDA 
r e q u i r e m e n t s  can be seen  by r e f e r r i n g  t o  f i g u r e  1. Assume a t r i a n g u l a r  
shaped wind f o r  which t h e  maximum d e f l e c t i o n  c a p a b i l i t y  of t h e  v e h i c l e  
i s  l e s s  t h a n  t h a t  r e q u i r e d  t o  t r i m  a t  the peak  of  t h e  wind. The d e f l e c -  
t i o n  a n g l e  i n c r e a s e s  up t o  t h e  s t o p ,  t h e n  remains  a t  t h e  s t o p  u n t i l  
t h e  wind d i e s  down and t r i m  c o n d i t i o n s  have  been r e - e s t a b l i s h e d .  If 
t h e  maximum d e f l e c t i o n  a n g l e  i s  less  t h a n  t h e  s o l i d  s t a b i l i t y  cu rve ,  
t h e  v e h i c l e  w i l l  never  r e c o v e r .  Ac tua l  and a n a l y t i c a l  r e s u l t s  show t h a t  
d ive rgence  i s  q u i t e  r a p i d ,  even f o r  6,,, about  1 0  p e r c e n t  l e s s  t h a n  
t h e  s t a b i l i t y  l i m i t .  
d e n t ,  and i s  about  O .S( sec ) - l  f o r  t h e  v e h i c l e s  s t u d i e d .  
d u r a t i o n s  a r e  g e n e r a l l y  on the o r d e r  o f  8-15 seconds.  Therefore ,  a t  
l e a s t  70 p e r c e n t  o f  t r i m  c a p a b i l i t y  is r e q u i r e d  f o r  s t a b i l i t y .  
The parameter  f i s  v e h i c l e  and t r a j e c t o r y  depen- 
E f f e c t i v e  wind 
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For s q u a r e  shaped winds,  e s s e n t i a l l y  100 p e r c e n t  o f  t r i m  c a p a b i l i t y  i s  
r e q u i r e d  f o r  s t a b i l i t y .  
F i g u r e  3 p r e s e n t s  the r e s u l t s  o f  s i x  deg ree  of f reedom t r a j e c t o r y  
s i m u l a t i o n s ,  u s i n g  the Phase I1 Apollo vehicle  and t h e  s y n t h e t i c  wind 
p r o f i l e  shown i n  f i g u r e  2 .  The wind d u r a t i o n  i s  about  8 seconds .  
F i g u r e  3 shows t h a t  about  0 .5  d e g r e e s  o f  d e f l e c t i o n  i s  r e q u i r e d  t o  
t r i m  a t  the  peak  and between 0 .3  and 0 . 4  d e g r e e s  a r e  r e q u i r e d  f o r  
s t a b i l i t y .  
i n  agreement  w i t h  t he  t h e o r e t i c a l  r e s u l t s .  
Both the peak  d e f l e c t i o n  ang le  and the s t a b i l i t y  l i m i t  a r e  
F i g u r e  4 shows a r e a l  wind p r o f i l e ,  measured on March 9, 1965, a t  
Cape Kennedy ( r e f e r e n c e  2 ) .  The d e f l e c t i o n  a n g l e  r e q u i r e d  was a g a i n  
o b t a i n e d  by u s i n g  a s i x  deg ree  of  freedom t r a j e c t o r y  program, and is 
p r e s e n t e d  on f i g u r e  5. 
agreement  w i t h  t h e  t h e o r y .  
The r e s u l t s  f o r  t h i s  c a s e  a r e  a l s o  i n  good 
The Lewis and Douglas aerodynamic d a t a  f o r  t h e  Phase I1 launch  
v e h i c l e s  a r e  p r e s e n t e d  i n  f i g u r e s  6 and 7 .  The c e n t e r  o f  p r e s s u r e  
d a t a  f o r  the  Phase I1 Apol lo  v e h i c l e  a r e  i n  good agreement  i n  t h e  
r e g i o n  o f  i n t e r e s t  (60 t o  70 s e c . ) ,  bu t  Lewis normal  f o r c e  c o e f f i c i e n t  
d a t a  a r e  high r e l a t i v e  t o  the Douglas d a t a .  
c o n f i g u r a t i o n ,  the d i f f e r e n c e s  i n  Lewis and Douglas d a t a  t e n d  t o  o f f s e t  
e a c h  o t h e r ,  and the  o v e r a l l  r e s u l t s  a r e  i n  e x c e l l e n t  agreement .  
For  t he  ex tended  Voyager 
F i g u r e s  8 and 9 compare the d e f l e c t i o n  a n g l e  r e q u i r e m e n t s  f o r  t he  
Apo l lo  and ex tended  Voyager c o n f i g u r a t i o n s ,  u s i n g  L e w i s  and Douglas 
aerodynamic d a t a .  The d e f l e c t i o n  ang le  t r a c e  r e p r e s e n t s  t he  enve lope  
o f  d e f l e c t i o n  a n g l e  r e q u i r e m e n t s  f o r  a f a m i l y  o f  winds,  e a c h  o f  which 
peaks  a t  a d i f f e r e n t  t i m e  (or  a l t i t u d e ) .  The d e f l e c t i o n  a n g l e  p r o f i l e s  
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f o r  the  v a r i o u s  winds a r e  r e p r e s e n t e d  by t h e  t r i a n g u l a r  s p i k e s  i n  f i g u r e  
8. The peak  wind v e l o c i t y  a t  each  a l t i t u d e  co r re sponds  t o  a 95 p e r c e n t  
s t e a d y  s t a t e  wind co r re spond ing  t o  t h e  w o r s t  monthly p e r i o d  ( r e f e r e n c e  
3 ) .  A l aunch  az imuth  s e c t o r  o f  45 t o  120  d e g r e e s  was assumed i n  ca l cu -  
l a t i n g  the maximum d e f l e c t i o n  a n g l e s .  F i g u r e  1 0  summarizes t he  r e s u l t s  
f o r  t h e  Apo l lo  and ex tended  Voyager c o n f i g u r a t i o n s  u s i n g  L e w i s  and 
Douglas aerodynamic d a t a .  D e f l e c t i o n  r e q u i r e m e n t s  a r e  abou t  0 .9  d e g r e e s  
f o r  the  Apo l lo  c o n f i g u r a t i o n ,  and 1 . 6  d e g r e e s  f o r  the ex tended  Voyager. 
When these r e s u l t s  a r e  compared t o  t h e  Douglas s t u d y  o f  r e f e r e n c e  1, 
good agreement  i s  no ted  f o r  t h e  Apollo c o n f i g u r a t i o n ,  b u t  r e f e r e n c e  1 
d i s p l a y s  a d e f l e c t i o n  r equ i r emen t  of 3 . 6  d e g r e e s  f o r  the extended  
Voyager c o n f i g u r a t i o n .  D i s c u s s i o n s  were s u b s e q u e n t l y  h e l d  w i t h  appro- 
p r i a t e  Douglas t e c h n i c a l  s t a f f  members, and the  d i s c r e p a n c y  h a s  been 
r e s o l v e d .  The Voyager r equ i r emen t  was r e - e v a l u a t e d  by Douglas,  and a 
r e q u i r e m e n t  o f  2 . 6  d e g r e e s  r e s u l t e d .  T h i s  number was b a s e d  on an omni- 
d i r e c t i o n a l  wind model, which r e s u l t e d  i n  higher s i d e  wind v e l o c i t i e s  
and, consequen t ly ,  higher yaw d e f l e c t i o n  r e q u i r e m e n t s .  S i n c e  the  
a l l o w a b l e  l aunch  az imuth  s e c t o r  from ETR i s  approx ima te ly  45 t o  120  
d e g r e e s ,  it seems more r e a s o n a b l e  t o  use  t h e  d i r e c t i o n a l  wind v e l o c i t y  
model p r e s e n t e d  i n  r e f e r e n c e  3 which r e s u l t s  i n  t h e  lower TVDA r e q u i r e -  
ments  quo ted  i n  t h i s  r e p o r t .  
F i g u r e s  11 t h r o u g h  1 4  demonst ra te  t he  p o s s i b l e  r e d u c t i o n  i n  d e f l e c -  
t i o n  a n g l e  r e q u i r e m e n t s  t h r o u g h  t h e  use o f  s t a t i o n a r y  b a s e  f i n s  o r  
movable c a n a r d s .  These and subsequent  d a t a  a r e  based  on the L e w i s  
aerodynamic d a t a .  The normal  f o r c e  c o e f f i c i e n t s  f o r  b o t h  t y p e s  o f  f i n s  
a r e  t a k e n  from Lewis wind t u n n e l  d a t a  and o t h e r  e x p e r i m e n t a l  r e s u l t s .  
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The maximum l i f t  c o e f f i c i e n t  f o r  the canards  was a l s o  o b t a i n e d  e x p e r i -  
m e n t a l l y  and i s  e q u a l  t o  abou t  0.8 f o r  Mach numbers g r e a t e r  t h a n  one.  
The f i n  a r e a  i n  the f i g u r e s  cor responds  t o  t h e  t o t a l  a r e a  o f  two f i n s  
i n  one p l a n e .  A c t u a l l y ,  f o u r  f i n s  would be r e q u i r e d ,  two i n  each  p l a n e .  
The s k e t c h  o f  t h e  Apol lo  v e h i c l e  i n  f i g u r e  11 i s  shown w i t h  b a s e  f i n s  
e q u a l  t o  . 3  times the b a s e  a r e a .  The c e n t e r  o f  p r e s s u r e  o f  t h e  f i n s  
i s  assumed t o  be  a t  t h e  gimbal  s t a t i o n .  The cana rds  ( f i g u r e s  1 2  and 14) 
a r e  p l a c e d  a t  the c e n t e r  o f  p r e s s u r e  o f  t h e  body. 
The cana rd  vs .  b a s e  f i n  comparison is summarized i n  f i g u r e  15. 
The c a n a r d s  a r e  more e f fec t ive  on t h e  ex tended  Voyager c o n f i g u r a t i o n ,  
because  t h e  v e h i c l e  c e n t e r  o f  p r e s s u r e  i s  h i g h e r  f o r  t h i s  c a s e .  The 
c a n a r d s  would b e  more e f f e c t i v e  i f  they  were p l a c e d  h i g h e r  on the 
v e h i c l e .  However, a d e t a i l e d  a n a l y s i s  would be r e q u i r e d  t o  o p t i m i z e  
the l o c a t i o n  of t h e  c a n a r d s  on t h e  v e h i c l e .  Th i s  a n a l y s i s  would 
r e q u i r e  c o n s i d e r a t i o n  o f  v e h i c l e  bending moments and j e t t i s o n  problems 
a s  w e l l  a s  cana rd  e f f e c t i v e n e s s .  Both t y p e s  of  f i n s  can be used  to 
r e d u c e  t h e  r e s i d u a l  d e f l e c t i o n  a n g l e  t o  a v a l u e  which cou ld  be a t t a i n e d  
by u s i n g  a g imba l l ed  n o z z l e  or by  secondary  f l u i d  i n j e c t i o n .  For  
example, i f  0 . 5  deg rees  o f  TVD i s  a v a i l a b l e  f o r  t h e  Voyager v e h i c l e ,  
c a n a r d s  o f  one -ha l f  b a s e  a r e a  o r  base  f i n s  e q u a l  t o  t h e  vehicle a r e a  
would be r e q u i r e d .  Canard and b a s e  f i n  d a t a  f o r  t h e  SSOPM launch  v e h i c l e  
a r e  shown i n  f i g u r e s  1 6 ,  1 7 ,  and 18. 
The f i n a l  p a r t  o f  the a n a l y s i s  de te rmines  the d e f l e c t i o n  a n g l e  
r e q u i r e m e n t s  a s  a f u n c t i o n  of  shroud d e n s i t y  and cone a n g l e  f o r  t h e  
Phase I1 l aunch  v e h i c l e .  A payload  weight  o f  95,000 pounds was assumed. 
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For a d e n s i t y  o f  4.4 pounds p e r  c u b i c  f o o t ,  f i g u r e  1 9  shows t h a t  the  
d e f l e c t i o n  a n g l e  r e q u i r e d  i s  about  1 . 2  deg rees ,  f o r  a cone semi-angle  
o f  30 d e g r e e s .  If pay loads  w i t h  d e n s i t i e s  lower t h a n  4.4 pounds p e r  
c u b i c  f o o t  a r e  encountered ,  aerodynamic s u r f a c e s  cou ld  be  added t o  t h e  
vehicle t o  m a i n t a i n  the d e f l e c t i o n  ang le  a t  1 . 2  deg rees  f o r  t h e s e  con- 
f i g u r a t i o n s .  
A D D I T I O N A L  CONSIDERATIONS 
Two o t h e r  methods can b e  employed t o  r educe  t h e  gimbal  a n g l e  
r equ i r emen t .  These a r e  b i a s e d  p i t c h  programs and l o a d  r e l i e f  au to-  
p i l o t s .  Both o f  t h e s e  methods should  r e d u c e  d e f l e c t i o n  r e q u i r e m e n t s  
somewhat, bu t  more s t u d y  is r e q u i r e d  i n  t h e s e  a r e a s  t o  deve lop  d e f i n i -  
t i v e  r e s u l t s .  
I t  shou ld  b e  no ted  t h a t ,  i n  a d d i t i o n  t o  t h e  d e f l e c t i o n  r e q u i r e m e n t s  
f o r  winds,  a d d i t i o n a l  t h r u s t  d e f l e c t i o n  i s  r e q u i r e d  t o  compensate f o r  
such  f a c t o r s  a s  t h r u s t  misa l ignment ,  p i t c h  program, and v e h i c l e  d i s p e r -  
s i o n s .  The TVDA r e q u i r e d  t o  compensate f o r  these e f f e c t s  i s  summarized 
i n  Table  1. The d i s p e r s i o n  v a l u e s  f o r  t h r u s t  misa l ignment ,  t h r u s t  and 
weight  were t a k e n  from reference 1, and were assumed t o  be t h e  same f o r  
b o t h  v e h i c l e s  s t u d i e d .  The TVDA r e q u i r e d  f o r  p i t c h o v e r  was o b t a i n e d  
from s i x  deg ree  of  freedom computer s i m u l a t i o n s .  The t o t a l  TVDA r e q u i r e -  
ment was c a l c u l a t e d  by add ing  the root-sum-square o f  t h e  t h r u s t  m i s -  
a l i gnmen t ,  t h r u s t  and weight  d i s p e r s i o n  t o  t h e  s t e a d y  s t a t e  wind 
r e q u i r e m e n t .  The wind r equ i r emen t  w a s  added, r a t h e r  t h a n  root-sum- 
squared ,  s i n c e  t h e  wind p r o f i l e  i s  known a t  the  t i m e  o f  launch .  S i n c e  
d e f l e c t i o n  a n g l e s  r e q u i r e d  f o r  p i t c h o v e r  and f o r  winds occur  a t  d i f f e r e n t  
t i m e s  d u r i n g  t h e  f l i g h t ,  t h e  s m a l l  p i t c h o v e r  r equ i r emen t  does  n o t  c o n t r i -  
b u t e  t o  the o v e r a l l  TVDA r e q u i r e m e n t .  Other e f fec ts ,  such  a s  l aunch  
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r e l e a s e  t r a n s i e n t s  and ground winds,  have been s t u d i e d  and were found 
t o  be n e g l i g i b l e  compared t o  t h r u s t  misal ignment .  
If aerodynamic c o n t r o l  s u r f a c e s  a r e  used,  TVC must s t i l l  be  
s u p p l i e d  t o  c o n t r o l  the  v e h i c l e  e a r l y  i n  f l i g h t  when these s u r f a c e s  a r e  
i n e f f e c t i v e .  S i m u l a t i o n s  have  shown t h a t  c a n a r d s  can s u p p l y  enough 
t o r q u e  t o  h a n d l e  p i t c h o v e r ,  b u t  n o t  t h r u s t  misa l ignment .  If f i x e d  
b a s e  f i n s  a r e  used ,  TVC must b e  s u p p l i e d  f o r  p i t c h o v e r ,  t h r u s t  m i s -  
a l i gnmen t ,  and f l i g h t  c o n t r o l  and s t a b i l i t y .  
CONCLUDING REMARKS 
A t h e o r e t i c a l  s t u d y  o f  v e h i c l e  r e sponse  t o  a n t i c i p a t e d  wind pro-  
f i l e s  h a s  i n d i c a t e d  t h a t  it i s  n e c e s s a r y  t o  t r i m  o r  n e a r l y  t r i m  t h e  
v e h i c l e  t o  r e t a i n  c o n t r o l  a f t e r  p e n e t r a t i o n  i n t o  the  high wind r e g i o n .  
Some d i s c r e p a n c i e s  between LeRC and Douglas aerodynamic d a t a  have  
been uncovered.  I n  s p i t e  o f  t h i s ,  compensat ing c i r c u m s t a n c e s  have  
r e s u l t e d  i n  good agreement  between t h e  f i n a l  r e s u l t s  o f  t h e  two s t u d i e s .  
Either movable c a n a r d s  o r  f i x e d  f i n s  a r e  e f f e c t i v e  i n  p r o v i d i n g  
aerodynamic f o r c e s  and r e d u c i n g  t h r u s t  v e c t o r  d e f l e c t i o n  r e q u i r e m e n t s .  
To p r o v i d e  c o n t r o l  i n  t h e  wind shea r  r e g i o n ,  t h r u s t  v e c t o r  d e f l e c -  
t i o n  a n g l e s  of 1 . 0  and 1 . 6  d e g r e e s  a r e  r e q u i r e d  f o r  the  Phase I1 
vehicle with Apol lo  and Voyager payloads ,  r e s p e c t i v e l y .  Wind s h e a r  
t h r u s t  v e c t o r  d e f l e c t i o n  r e q u i r e m e n t s  f o r  a v e r y  l a r g e  s o l i d - b o o s t e d  
v e h i c l e  were found t o  be  s m a l l .  D e f l e c t i o n s  o f  l ess  t h a n  1 . 0  d e g r e e s  
were r e q u i r e d  f o r  t h e  so l id-so l id-0PM vehicle  c a p a b l e  o f  b o o s t i n g  one  
m i l l i o n  pounds t o  o r b i t .  For a l l  t h e  b o o s t e r  c o n f i g u r a t i o n s  o f  t h i s  
r e p o r t ,  an  a d d i t i o n a l  0 .4  d e g r e e s  i s  r e q u i r e d  f o r  e f fec ts  such  a s  t h r u s t  
i misa l ignment ,  ground winds,  l aunch  t r a n s i e n t s ,  and d i s p e r s i o n s  i n  
9 
t h r u s t  and weight. The p i t c h o v e r  requi rement  o f  0 . 6  deg rees  i s  a l r e a d y  
a v a i l a b l e .  
T o t a l  t h r u s t  v e c t o r  d e f l e c t i o n  a n g l e s  o f  1 . 4  and 2 . 0  deg rees  a r e  
r e q u i r e d  f o r  Phase I1 v e h i c l e s  w i t h  A p o l l o  and Voyager pay loads ,  
r e s p e c t i v e l y .  
v e h i c l e .  These d e f l e c t i o n  a n g l e s  can  be reduced  t o  less  t h a n  0.5 
deg ree  by the u s e  o f  aerodynamic s u r f a c e s .  
A t o t a l  TVDA o f  1 . 4  deg rees  i s  r e q u i r e d  f o r  t h e  SSOPM 
Thrus t  v e c t o r  d e f l e c t i o n  r equ i r emen t s  depend c r i t i c a l l y  on payload  
d e n s i t y  and shape .  I t  a p p e a r s  r e a s o n a b l e  t o  des ign  t h e  t h r u s t  v e c t o r  
c o n t r o l  sys tem f o r  c o n v e n t i o n a l  payloads  w i t h  d e n s i t i e s  of  4 t o  20 
pounds p e r  c u b i c  f o o t .  Subsequent ly ,  i f  p e c u l i a r  pay loads  a r e  en- 
c o u n t e r e d  which exceed t h e  c a p a b i l i t i e s  o f  t h e  t h r u s t  v e c t o r  c o n t r o l  
system, aerodynamic s u r f a c e s  can be added t o  s t a b i l i z e  t h e  v e h i c l e  
w i t h o u t  i n c r e a s i n g  d e f l e c t i o n  a n g l e s .  
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